Poly (ADP ribose) (PAR) formation catalyzed by PAR polymerase 1 in response to genotoxic stress mediates cell death due to necrosis and apoptosis. PAR glycohydrolase (PARG) has been thought to be the only enzyme responsible for hydrolysis of PAR in vivo. However, we show an alternative PAR-degradation pathway, resulting from action of ADP ribosyl-acceptor hydrolase (ARH) 3. PARG and ARH3, acting in tandem, regulate nuclear and cytoplasmic PAR degradation following hydrogen peroxide (H 2 O 2 ) exposure. PAR is responsible for induction of parthanatos, a mechanism for caspaseindependent cell death, triggered by apoptosis-inducing factor (AIF) release from mitochondria and its translocation to the nucleus, where it initiates DNA cleavage. PARG, by generating protein-free PAR from poly-ADP ribosylated protein, makes PAR translocation possible. A protective effect of ARH3 results from its lowering of PAR levels in the nucleus and the cytoplasm, thereby preventing release of AIF from mitochondria and its accumulation in the nucleus. Thus, PARG release of PAR attached to nuclear proteins, followed by ARH3 cleavage of PAR, is essential in regulating PAR-dependent AIF release from mitochondria and parthanatos.
Poly (ADP ribose) (PAR) formation catalyzed by PAR polymerase 1 in response to genotoxic stress mediates cell death due to necrosis and apoptosis. PAR glycohydrolase (PARG) has been thought to be the only enzyme responsible for hydrolysis of PAR in vivo. However, we show an alternative PAR-degradation pathway, resulting from action of ADP ribosyl-acceptor hydrolase (ARH) 3. PARG and ARH3, acting in tandem, regulate nuclear and cytoplasmic PAR degradation following hydrogen peroxide (H 2 O 2 ) exposure. PAR is responsible for induction of parthanatos, a mechanism for caspaseindependent cell death, triggered by apoptosis-inducing factor (AIF) release from mitochondria and its translocation to the nucleus, where it initiates DNA cleavage. PARG, by generating protein-free PAR from poly-ADP ribosylated protein, makes PAR translocation possible. A protective effect of ARH3 results from its lowering of PAR levels in the nucleus and the cytoplasm, thereby preventing release of AIF from mitochondria and its accumulation in the nucleus. Thus, PARG release of PAR attached to nuclear proteins, followed by ARH3 cleavage of PAR, is essential in regulating PAR-dependent AIF release from mitochondria and parthanatos.
posttranslational modification | cytotoxicity P oly-ADP ribosylation is a reversible posttranslational modification of proteins, which results from the covalent attachment of branched polymers of ADP ribose moieties to amino acid residues of target proteins, in a reaction catalyzed by poly (ADP ribose) polymerases (PARP) (1) (2) (3) . PARP1, a well-characterized member of the PARP family, is a nuclear protein that acts as a molecular sensor of DNA-strand breaks. Upon binding to sites of single-strand DNA breaks, PARP1 catalyzes the formation of a branched, long poly (ADP ribose) (PAR) chain attached to glutamate or aspartate residues of acceptor proteins including histones, DNA polymerases, topoisomerases, DNA ligase-2, transcription factors, and PARP1 itself (4) (5) (6) (7) . Poly-ADP ribosylation of these acceptor proteins alters their physical and biological properties, leading to DNA repair and the maintenance of genomic stability. In contrast, PARP1 overactivation, resulting from widespread DNA damage, accelerates consumption of cellular β-NAD with consequent depletion of ATP, leading to necrotic cell death (8, 9) . In addition, PAR, not covalently linked to protein, may have an important role as a mediator of parthanatos, a form of caspase-independent cell death, triggered by release of apoptosis-inducing factor (AIF) from mitochondria (10) (11) (12) (13) . This type of cell death is seen in neurons after glutamate excitotoxicity and brain ischemia (11, 13) . PAR, generated by PARP1 in the nucleus, translocates to the cytoplasm and binds to AIF on mitochondrial membranes, triggering its cleavage and release from mitochondria. In the cytoplasm, the process of AIF movement to the nucleus depends on its nuclear localization signal where it induces large-scale DNA fragmentation (10, 13) . The two death pathways that depend on PARP1 have been demonstrated in animal models of brain ischemia, myocardial injury, Parkinson's disease, and diabetes (14) (15) (16) . Thus, because of its involvement in important biological processes, PAR metabolism is tightly controlled both spatially and temporally.
PAR glycohydrolase (PARG) has been thought of as the enzyme primarily responsible for PAR degradation (17) . Unlike the multigene PARP family, the single parg gene, via alternative splicing, gives rise to isoforms with different subcellular localizations and activities (18) . Full-length, 110-kDa PARG is found in the nucleus, with other forms in the cytoplasm and mitochondria (19) (20) (21) . In contrast to that of PARP1, the action of PARG in response to DNA damage is still controversial. PARGknockout mice experience early embryonic death, because of a failure to hydrolyze PAR (22) . Mutant Drosophila lacking the conserved catalytic domain of PARG also died in the larval stage at the normal developmental temperature of 25°C. Although some mutants were viable at 29°C, they showed extensive accumulation of PAR in the central nervous system and progressive neurodegeneration with reduced locomotor activity (23) . Thus, PARG appears to be an enzyme essential in development, especially of the central nervous system, through its effects on PAR degradation. However, PARG inhibitors and siRNA depletion of PARG had protective effects in animal models of stroke and hydrogen peroxide (H 2 O 2 )-induced cell death (24) (25) (26) (27) . Viable and fertile mice deficient in nuclear 110-kDa PARG were generated by targeted deletion of exons 2 and 3 of the parg gene (28) . These mice appeared to be protected against renal and intestinal injury induced by ischemia/reperfusion (29, 30) , although they exhibited increased sensitivity to alkylating agents and ionizing radiation (28) . An explanation for dual roles of PARG in cell death may be that PARG catalyzes both exoglycosidic and endoglycosidic Significance Poly (ADP-ribose) (PAR) participates in initiating parthanatos, cell death mediated by apoptosis-inducing factor (AIF), following genotoxic stress. PAR translocation from the nucleus to cytoplasm is an essential step for AIF-mediated cell death. Here, we report that poly (ADP-ribose) glycohydrolase (PARG) enhances PAR translocation by releasing protein-free PAR fragments from nuclear acceptor proteins. ADP-ribosyl-acceptor hydrolase (ARH) 3 lowers PAR levels in the nucleus and cytoplasm, preventing PAR translocation and then parthanatos. Elucidation of the sequential action of PARG and ARH3 in the PAR-mediated pathway provides a better understanding of mechanisms underlying oxidative stress and may lead to new therapeutic targets.
degradation of PAR (31) , two activities that can terminate PAR metabolism, but also can cleave PAR chains attached to proteins to generate protein-free PAR, which could serve as signaling molecule, involved in induction of cell death.
Another possible pathway for PAR degradation is catalyzed by ADP ribosyl-acceptor hydrolase (ARH) 3 (32) . ARH3 belongs to the ARH family, which comprises three genes, encoding 39-kDa proteins (ARH1-3) that are ubiquitous in mouse and human tissues. ARH3 catalyzes the hydrolysis of PAR to produce ADP ribose in a Mg 2+ -dependent manner, although its biological role under physiological or pathological conditions remains to be established.
Here, we demonstrate that ARH3 action is crucial in regulating nuclear and cytoplasmic PAR degradation following H 2 O 2 exposure. The protective effect of ARH3 results from its ability to decrease PAR levels in the nucleus and cytoplasm, thereby preventing the release from mitochondria of PAR-driven AIF and its accumulation in the nucleus. Our data also show that PARG is critical to the generation of protein-free PAR from poly-ADP ribosylated proteins, an early step in this process. Thus, the sequential actions of PARG and ARH3 appear to regulate the formation and levels of PAR in the nucleus and cytoplasm and, thus, the cleavage and release of AIF in mitochondria, AIF translocation to the nucleus, and subsequent initiation of a DNA-fragmentation program.
Results
ARH3 Has a Protective Effect Against H 2 O 2 -Induced Cell Death. To investigate pathways that depend on the PAR-degrading activity of ARH3 under oxidative stress induced by H 2 O 2 exposure, we generated mouse embryonic fibroblasts (MEFs) from wild-type (WT) and ARH3 −/− littermates (Fig. 1A, Upper) . In WT MEFs, although ARH3 has a mitochondrial targeting sequence at its N terminus, most of the ARH3 was found in cytoplasm (65%), followed by mitochondria (25%) and nucleus (10%) ( Fig. 1 B and C). Exposure to H 2 O 2 (100-1,000 μM) for 24 h induced greater cytotoxicity with ARH3 −/− than WT MEFs (Fig. 1D , Left), and overexpression of ARH3 in ARH3 −/− MEFs reduced sensitivity to H 2 O 2 -induced cell death (Fig. 1A , Lower and D, Right). Localization of overexpressed ARH3 in ARH3 −/− MEFs was similar to that of the endogenous protein (Fig. S1 ). All findings were consistent with a physiological role for ARH3 in resistance to cell death under oxidative stress induced by H 2 O 2 exposure. Oxidative stress induced by H 2 O 2 exposure causes DNA damage, followed by PAR synthesis. We investigated whether ARH3 deficiency altered cellular PAR metabolism after H 2 O 2 exposure. Before H 2 O 2 exposure, reaction of MEFs with anti-PAR antibodies appeared faint and confined to the cytoplasm ( 20 min and gradually decreased to basal levels within 1 h (Fig. 2  A and B) . At all times after H 2 O 2 exposure, however, nuclear PAR content was much greater in ARH3 −/− than WT MEFs. After 20 min, cytoplasmic PAR levels of ARH3 −/− MEFs appeared to increase somewhat, concomitant with decreasing nuclear PAR, whereas PAR distribution in WT MEFs did not change. Overexpression of ARH3 protein in ARH3 −/− MEFs suppressed the early increase in nuclear PAR as well as its slower accumulation in cytoplasm, effects not seen in ARH3 −/− MEFs transfected with EV ( Fig. S4 A and B) . Western blot analysis confirmed that H 2 O 2 exposure induced greater and more prolonged elevation of PAR in ARH3 −/− than WT MEFs or ARH3 −/− MEFs overexpressing ARH3 (Fig. 2C and Fig. S4C ). On Western blots, the greatest increase in PAR immunoreactivity was seen at ∼120 kDa, which may represent PARP1 automodified with PAR. In addition, PAR modification was more widespread in ARH3 −/− than WT MEFs or ARH3 −/− MEFs overexpressing ARH3. Expression of an ARH3 (D83N/D84N) inactive mutant in ARH3 −/− MEFs did not alter PAR content in response to H 2 O 2 compared with ARH3 −/− MEFs transfected with EV (Fig. S4D) , suggesting that ARH3 catalytic activity is required. After 2-h exposure to H 2 O 2 , PAR fluorescence appeared to overlap with the signal of the mitochondrial marker Tom20 in ARH3 −/− MEFs, but not WT MEFs or ARH3 −/− MEFs expressing ARH3 (Fig. 2D and Fig.  S4E ), indicating that ARH3 deficiency may enhance PAR accumulation in cytoplasm and mitochondria. As PARP1 and PARG are believed to be responsible for PAR synthesis and turnover, respectively, under conditions without and with oxidative stress, we questioned whether the higher PAR levels in ARH3 −/− MEFs after H 2 O 2 exposure was due to differences in activities of PARP1 and/or PARG. β-NAD consumption reflects PARP activity, which uses β-NAD to synthesize PAR. Although H 2 O 2 exposure decreased cellular β-NAD concentration, there were no significant differences in β-NAD consumption among WT and ARH3
−/−
MEFs with or without overexpression of the ARH3 protein (Fig.  S2F and Fig. S4F ). PARP1 protein levels and PARG mRNA levels did not differ significantly among these cell lines (Fig. S2  G-I and Fig. S4 G-I) . All data are consistent with the notion that ARH3 participates in nuclear and cytoplasmic PAR degradation following H 2 O 2 exposure, although it does not appear to regulate basal PAR levels. −/− , but not WT MEFs (Fig. S5A, Left) . Because ARH3 also has O-acetyl-ADP ribose (OAADPr) hydrolase as well as PARG activity, and its effects could result from inhibition of SIRT1, a member of the sirtuin family of proteins responsible for OAADPr synthesis, we tested effects of PJ34 on SIRT1 activity. PJ34 did not inhibit recombinant SIRT1 activity (Fig. S5 B and C) . In contrast to the effects of PARP inhibition by PJ34, neither PARP2-specific (UPF1035) nor tankyrase-specific (XAV939) inhibitors altered the sensitivity to H 2 O 2 -induced cell death ( MEFs reduced PARP1 protein to 20% of that in ARH3 −/− MEFs transfected with control shRNA (Fig. 3 A and B) . PARG mRNA levels in these cells were only 20% lower than those of ARH3 −/− MEFs expressing control shRNA (Fig. S6A) . Depletion of PARP1 protein by shRNA reduced ARH3 −/− MEF sensitivity to H 2 O 2 -induced cell death (Fig. 3C) , with significantly less nuclear shrinkage and chromatin condensation than seen in ARH3 −/− MEFs transformed with control shRNA (Fig. S6 B and C) . Using immunocytochemistry to evaluate localization of intracellular PAR, we found that depletion of PARP1 protein resulted in reduction of nuclear PAR content and decreased accumulation of cytoplasmic PAR (Fig. 3 D and E) . Western blot analysis also showed reduced and more transient PAR levels in ARH3 −/− MEFs expressing PARP1 shRNA (Fig. S6D) . Furthermore, no PAR accumulation was seen in mitochondria after a 2-h exposure to H 2 O 2 (Fig. S6E) . Taken together, all results are consistent with the conclusion that PARP1, but neither two other PARP proteins nor SIRT1, is responsible for PAR production and for initiation of cell death in ARH3 −/− MEFs after H 2 O 2 exposure. ARH3 appears to confer protection against PARP1-mediated cell death, by preventing accumulation in the nucleus of excess PAR and its translocation to cytoplasm and mitochondria. 
ARH3 Deficiency Enhances Accumulation of Cleaved AIF to the Nucleus
After H 2 O 2 Exposure. After PARP1 activation, excessive PAR production results in parthanatos, which is mediated by release of AIF from mitochondria (10) (11) (12) (13) . AIF was restricted to mitochondria of WT and ARH3 −/− MEFs under resting conditions and, after exposure to 300 μM H 2 O 2 for 3 or 6 h, was accumulated in nuclei of ARH3 −/− , but not WT MEFs (Fig. 4) . In addition, ARH3 expression or depletion of PARP1 protein in ARH3 −/− MEFs prevented AIF accumulation in nuclei (Fig. S7) . Longer exposure of higher concentrations of H 2 O 2 (600 μM, 6 h) increased nuclear content of AIF in both WT and ARH3 −/− MEFs expressing ARH3 protein (Fig. S8) , suggesting that AIF accumulation depends on the intensity of the stimulus and lack of ARH3 protein or activity enhances the magnitude of the effect. It appears that cell death resulting from ARH3 deficiency is associated with parthanatos and involves PARP1 activation and AIF release from mitochondria and translocation to nuclei. −/− MEFs transfected with control shRNA (Fig. 5A) , whereas it did not alter PARP1 protein levels ( Fig. S9 A and B) . Western blot analysis revealed that PARG depletion in ARH3 −/− MEFs led to a slight increase in basal PAR content as well as sustained PAR elevation following H 2 O 2 exposure (Fig. 5B) . ARH3 −/− MEFs expressing PARG shRNA exhibited reduced sensitivity to H 2 O 2 exposure (Fig. 5C ) and less nuclear shrinkage in response to H 2 O 2 than did ARH3 −/− MEFs expressing control shRNA (Fig. S9 C and D) . Furthermore, ARH3
−/− MEFs expressing PARG shRNA failed to accumulate AIF in the nucleus (Fig. 5 D and E) . These results indicate that, unlike ARH3 deficiency, PARG depletion by shRNA protected against H 2 O 2 -induced parthanatos by preventing AIF release from mitochondria.
PAR translocation to the cytoplasm and mitochondria appeared essential to trigger release of AIF from mitochondria. Using immunocytochemistry, we found that the accumulation of nuclear PAR content in ARH3 −/− MEFs expressing PARG shRNA was greater and more prolonged than those of ARH3 −/− MEFs expressing control shRNA (Fig. 5 F and G) . ARH3
−/− MEFs expressing PARG shRNA, however, failed to show slower accumulation of PAR in the cytoplasm, despite a cytoplasmic PAR content slightly higher in those cells expressing control shRNA under resting conditions (Fig. 5 F and G) ; thus, PARG appeared to regulate PAR translocation from the nucleus to cytoplasm. In addition, 2-h exposure to H 2 O 2 failed to induce PAR accumulation in mitochondria of ARH3 −/− MEFs expressing PARG shRNA (Fig. S9E) . Because the majority of PAR is attached to PARP1 itself and PARG catalyzes hydrolysis of more proteinbound than protein-free PAR (34), we assumed a role of PARG in the release of protein-free PAR from poly-ADP ribosylated PARP1. Poly-ADP ribosylation of PARP1 in both WT and ARH3 −/− MEFs was seen as soon as 20 min of H 2 O 2 exposure. ARH3 −/− MEFs expressing PARG shRNA maintained the levels for more than 1 h, whereas poly-ADP ribosylation of PARP1 in MEFs expressing control shRNA was significantly elevated only at 20 min (Fig. 5H) . Our findings indicate that PARG regulates PAR release from poly-ADP ribosylated PARP and, thereby, its levels in nuclei and cytoplasm.
Discussion
The importance of PARP1 in PAR metabolism under both physiological and pathophysiological conditions has been intensively studied. There is accumulating evidence that, after genotoxic injury, activated PARP1 is crucial in initiating parthanatos, a form of caspase-independent cell death (10) (11) (12) (13) . Here, we show that, first, ARH3 can protect cells from oxidative stress-induced parthanatos, by regulating PAR degradation in nuclei and cytoplasm, and second, PARG participates in the process, by catalyzing the hydrolysis of PAR attached to PARP1 to generate protein-free PAR molecules, which can act as signals to release AIF from mitochondrial membranes (Fig. 6) . Thus, both ARH3 and PARG, via their different enzymatic actions, are responsible for the hydrolysis of PAR synthesized by PARP1 in response to oxidative stress induced by H 2 O 2 exposure.
PARG, which rapidly hydrolyzes PAR synthesized by PARP, had been believed to be the primary catalyst for PAR degradation (17) , and complete disruption of the murine PARG gene resulted in robust PAR accumulation with early embryonic lethality (22) . Because the specific activity of ARH3 is much lower than that of PARG (32), ARH3 was thought unable to compete with the PAR-hydrolyzing activity of PARG. In fact, ARH3 −/− mice are healthy and fertile. ARH3 deficiency, unlike that of PARG, did not cause detectable PAR accumulation in MEFs without introduction of stress conditions. Pharmacological and genetic experiments reported here indicate that PARP1, as expected, is the primary enzyme for PAR synthesis following H 2 O 2 exposure. PAR hydrolysis by ARH3 might have a physiological role under stress conditions when excessive PAR, synthesized by activated PARP1, accumulated in the cell.
Cytoprotective effect of PARG depletion by shRNA seemingly results from an inability to generate protein-free PAR from poly-ADP ribosylated acceptor proteins such as PARP1. PARG releases both terminal ADP ribose moieties from PAR via exoglycosidic activity and generates protein-free PAR via endoglycosidic cleavage. PARG, however, preferentially cleaves long rather than short PAR chains, because the K m value for long PAR chains is approximately ∼1% of that for small ones (35) . In addition, PARG hydrolyzes covalently protein-bound PAR more rapidly than it does protein-free ones (34) . We suggest that PARG not only regulates PAR metabolism, but also initiates signaling through production of small protein-free PAR molecules that can pass through nuclear pores (10) . This hypothesis is consistent with our findings that PARG depletion by shRNA inhibited PAR translocation from the nucleus to cytoplasm, although it induced persistent PAR accumulation in nuclei of ARH3
MEFs. In addition, a recent study identified another potential candidate, terminal ADP ribose glycohydrolase TARG (C6orf130), which generates protein-free PAR from poly-ADP ribosylated proteins. In addition to PAR, TARG removes the terminal ADP ribose linked to glutamate in poly-ADP ribosylated proteins (36) . TARG by generating protein-free PAR may contribute to parthanatos.
Based on the crystal structure, ARH3 appears to bind the terminal ADP ribose moiety of PAR chains (37) and, in fact, ARH3 hydrolyzes PAR to generate mainly ADP ribose (32) . Because most of the ARH3 is located in the cytoplasm, followed by mitochondria and the nucleus, cytoplasmic ARH3 may catalyze degradation of protein-free PAR that is released from poly-ADP ribosylated PARP1 by PARG action. Moreover, because ARH3 deficiency resulted in nuclear accumulation of PAR, ARH3 may participate in the degradation of both protein-free and protein-attached PAR in the nucleus. It has also been postulated that ARH3 may also hydrolyze the terminal ADP ribose moiety attached to an acceptor protein, generating an ADP ribose-free state and an unmodified acceptor protein (38) .
PARP1 activation and excessive PAR accumulation caused by severe DNA damage may initiate parthanatos (10-13). AIF release from mitochondria was recently reported to require its binding to PAR (13) . After release, AIF translocates to the nucleus where it associates with histone H2AX and cyclophilin A, initiating large-scale DNA fragmentation (39, 40) . Although most AIF resides in the inner mitochondrial membrane, 20-30% of it is found on the cytoplasmic surface of the outer mitochondrial membrane where cytoplasmic PAR can bind AIF and enhances its release (13) .
Once released from mitochondria, AIF translocates to the nucleus via its nuclear localization sequence. However, recent studies suggest that cytoplasmic PARG isoforms (103 and 99 kDa) might mediate AIF translocation, by their recruitment to DNA damage sites in the nucleus (41, 42) . PARG, a protein containing a macrodomain, is also associated with AIF-PAR complexes and may regulate their translocation as well as their composition (31, 43) . Thus, cytoplasmic PARGs might be a cargo, which facilitates AIF translocation to the nucleus, along with its translocation. Further . Model for a role of ARH3 in PAR degradation and AIF-mediated cell death. Overactivation of PARP1 by widespread DNA damage results in poly-ADP ribosylation of PARP1 and other acceptor proteins in the nucleus. PARG hydrolyzes PAR attached to acceptor proteins such as PARP1 to generate protein-free small PAR molecules, thereby facilitating its translocation to the cytoplasm and mitochondria. ARH3 located in the nucleus and cytoplasm hydrolyzes PAR. PAR may bind to AIF anchored in mitochondrial membrane, releasing it to the cytoplasm. Once in the cytoplasm, AIF translocates to the nucleus via its nuclear localization signal. In nucleus, AIF recruits nucleases such as cyclophilin A and H2AX, resulting in large-scale DNA fragmentation. ARH3 is also located in the mitochondrial matrix.
studies to define mechanisms involved in AIF translocation to the nucleus are needed.
In summary, ARH3 regulates nuclear and cytoplasmic PAR degradation and confers protection against H 2 O 2 -induced parthanatos. ARH3 regulates the levels of PAR following its release from poly-ADP ribosylated acceptor proteins by action of PARG. ARH3 is responsible for modulating cytoplasmic PAR content and localization, thereby regulating AIF release from mitochondria. Our observations are evidence for physiological functions of ARH3 and extend the current knowledge on complexity of PAR metabolism regulated by PARP1 and PARG.
Materials and Methods
Sources of antibodies and other specific reagents are reported in SI Materials and Methods. WT and ARH3 −/− MEFs were grown in high-glucose DMEM containing 10% (vol/vol) FBS, and cell viability assay and confocal immunofluorescence microscopy experiments were performed as described in SI Materials and Methods. All data are represented as mean ± SEM. Significance was determined using paired t tests, Student's t test for pairwise comparison or a two-way ANOVA with post hoc Bonferroni test. More detailed information is provided in SI Materials and Methods.
